[1] To test the volcanic and fluvial hypotheses for the origin of the rafted plate terrain observed in the vicinity of Athabasca Valles (5°N, 150°E, Central Elysium Planitia), we investigated the subsurface radar echo from the Mars Advanced Radar for Subsurface and Ionosphere Sounding (MARSIS) 5-MHz band data over this area. The backscattered signal losses were compared to finite difference time domain (FDTD) simulations of those arising from three hypothetical geoelectrical subsurface models, which differed in their assumed composition (percentage basalt versus ice) and assumed mode of origin (fluvial discharge/''frozen sea,'' mudflow, and low-viscosity lavas). The dielectric values used in these models are derived from laboratory measurements of Mars analog materials under Mars-like conditions. FDTD simulations suggest that if the near-surface environment is ice-rich, it will result in an average loss rate of 0.053 dB/m for massive ice (having less than 1% of suspended particulates) and 0.065 dB/m for a mudflow (consisting of a 50/50 mixture of ice and basaltic dust). Whereas the losses associated with a lava flow model increase to 0.19 dB/m. In comparison, the actual signal losses experienced by MARSIS within this region were on the order of 0.18 dB/m within the first 160 m beneath the surface. This suggests that propagation characteristics of Athabasca's near-subsurface are more consistent with a volcanic rather than a fluvial or mudflow origin of the rafted plate terrain, although limitations on radar sounding depth in this region cannot rule out the possibility of more deeply buried massive ice deposits. 
Introduction
[2] Thermal models of the Martian subsurface suggest that freezing conditions for water may persist from the surface (except at low latitudes where ice is thought to be not stable) to depths ranging from an estimated average of $3 -5 km at the equator to $8 -12 km at the poles, a region known as the cryosphere [Clifford, 1993; Clifford and Parker, 2001] . At greater depths, any water present will be in a liquid state. Geomorphologic observations of the Martian surface suggest that a substantial amount of water may reside in the subsurface in both ice and liquid form [Carr, 1986 [Carr, , 1996 . To assess the potential distribution and state of subsurface water, two low-frequency, nadir-looking, pulse-limited radar sounders, MARSIS (Mars Advanced Radar for Subsurface and Ionosphere Sounding on board the Mars Express spacecraft) and SHARAD (the Shallow Radar instrument on board the Mars Reconnaissance Orbiter) are currently probing the electromagnetic properties of the upper crust.
[3] MARSIS has both an ionospheric and a subsurface sounding mode. In the latter mode, MARSIS operates at four 1-MHz-wide frequency bands centered at 1.8, 3, 4, and 5 MHz [Picardi et al., 2004] . Over this frequency range, MARSIS has a corresponding subsurface vertical resolution of $50-100 m, depending on the dielectric properties of the medium [Picardi et al., 2004] . For the purpose of this analysis, we have focused on the 5 MHz data as it provides the best vertical resolution ($60 m) and minimizes the effect of ionospheric interference (which increases at lower frequency). MARSIS has a cross-track horizontal resolution of 10-30 km and uses synthetic aperture processing to achieve an along-track resolution of $5-10 km [Picardi et al., 2004] .
[4] Thus, MARSIS has sufficient spatial resolution to investigate the dielectric properties and radar propagation characteristics of the smooth terrain lying to the southwest of Athabasca Valles (5°N, 150°E). This area has been identified as a potential ''frozen sea'' by Murray et al. [2005] , as a lava flow field by Keszthelyi et al. [2000] , Plescia [2003] , Werner et al. [2003] , Keszthelyi et al. [2004] , and Jaeger et al. [2007, 2008] or, alternatively, as a frozen mudflow (resulting from the interaction between lava and frozen ground) by Rice et al. [2002] and Page [2008] . This area has very low surface roughness (average slope across the Central Elysium Planitia is only 0.02% to 0.04% [Kreslavsky and Head, 2000] ) at the scale of MARSIS wavelengths (from 60 m at 5 MHz to 160 m at 1.8 MHz), greatly reducing the effect of surface clutter and providing optimal conditions for the analysis and interpretation of backscattered surface and subsurface radar signals. Our main aim here is to test the different hypotheses by determining whether the loss rate of the observed backscattered signal in the range direction (i.e., with depth below the surface) is consistent with the presence of frozen sea, frozen mudflow or lava flow. To achieve this goal, we compare the MARSIS backscattered traces with those generated by finite difference time domain (FDTD) radar simulations based on three plausible geoelectrical models of the subsurface, whose dielectric properties have been assigned on the basis of laboratory measurements of Martian analog materials. These models reflect a synthesis of the most recent remote-sensing data and their geologic interpretations by Berman and Hartmann [2002] , Burr et al. [2002] , Rice et al. [2002] , Plescia [2003] , Werner et al. [2003] , Keszthelyi et al. [2004] , Lanagan [2004] , Murray et al. [2005] , Jaeger et al. [2007] , and Page [2008] as summarized in section 2. The comparison of observed and simulated data helps quantify how the concentration of ice in the subsurface affects the loss rate of the radar signal (in dB/m), providing an important constraint on the local composition of the subsurface.
Geological Context of Southwestern Athabasca Valles
[5] Our study area is located at approximately 5°N and 150°E, in the Central Elysium Planitia (CEP), southwest of Athabasca Valles and Cerberus Fossae, the latter consisting of a long fracture system (Figure 1) , that is often identified as the source of water and volcanic materials for this area [Berman and Hartmann, 2002; Rice et al., 2002; Plescia, 2003] . It is a region that displays some of the youngest widespread evidence of resurfacing activity on Mars [Berman and Hartmann, 2002; Plescia, 2003] , with the most recent events having crater densities consistent with an age of about 30 My [Werner et al., 2003] .
[6] High Resolution Stereo Camera (HRSC) images of this area (Figure 2 ) reveal a surface with a broken, rafted plate morphology [Murray et al., 2005] . Different formation hypotheses have been proposed to explain this appearance.
[7] The first hypothesis is based on a volcanic origin in which a large amount of low-viscosity lava was extruded to form a lava lake [Keszthelyi et al., 2000; Plescia, 2003; Keszthelyi et al., 2004; Jaeger et al., 2007] . In the case of lavas, a viscosity below 10 3 Pa s (yield strengths less than 200 Pa) appears necessary to explain the very flat morphology of this area [Vaucher et al., 2009; Toplis et al., 2008] . The cooling and crystallization of the lava should have resulted in the formation of a surface crust that would have fractured and moved in response to the flow of the still liquid lava underneath [Keszthelyi et al., 2004] . The resulting rafted plate morphology would have then been preserved as the lava lake cooled and solidified. The lava flow hypothesis is supported by several other recent data sets. For example, analysis of Thermal Emission Spectrometer (TES) data over different craters in this zone suggests the presence of mafic to ultramafic materials that are most consistent with a basaltic composition [Stockstill-Cahill et al., 2008] .
[8] The second hypothesis that we investigate, is the possibility that a large volume of local volcanic material [Rogers and Christensen, 2003] has been eroded and mobilized by the catastrophic discharge of groundwater in a low-gradient plain [Rice et al., 2002] . As the mudflow froze, Rice et al. [2002] suggest that it would have resulted in the formation of the observed rafted plates. As the ice sublimed, it would have left behind a lag deposit devoid of ice. Although we have investigated this hypothesis, we see no clear mechanism by which such a large volume of volcanic material could have been entrained, and maintained in suspension, to create a low-viscosity mudflow over a very low gradient plain.
[9] The third hypothesis is a fluvial one, which attributes the observed morphology of CEP to the discharge and ponding of a large volume of groundwater. As the surface of the water froze, the resulting ice cover would have been susceptible to fracturing and differential movement in response to any continued flow of the liquid water underneath [Murray et al., 2005] . The subsequent deposition of a thin layer of volcanic ash [Arvidson et al., 2002] or dust [Keller et al., 2006] may have then inhibited the sublimation of the ice sufficiently to allow the survival of $35 m of the original $50 m [Murray et al., 2005] of ice to the present-day.
[10] To evaluate the different characteristics of the backscattered echoes expected from these three differing scenarios, we have constructed three corresponding geoelectrical models (illustrated in Figure 3 ) based on the dielectric properties of analog materials, as measured in the lab. Those models will serve as an input to the FDTD simulation of the radar echoes. The differences and similarities between the radar propagation characteristics of these three models, versus those actually observed by MARSIS, form the basis by which each of the three formation hypotheses will be tested.
Local Geoelectrical Context of Athabasca
[11] Understanding the geoelectrical properties of plausible Martian subsurface materials is crucial to interpreting E08003 BOISSON ET AL.: RADAR SOUNDING OF ATHABASCA VALLES the origin of the reflections and attenuations observed in the MARSIS data. The three geoelectrical models that we constructed are based on the interpretation of data from the Mars Odyssey Gamma Ray Spectrometer (GRS) and Thermal Emission Imaging System (THEMIS), the Mars Global Surveyor TES, and Mars Express HRSC.
[12] Rogers and Christensen [2003] suggested that the TES data acquired over the central peak of a large impact crater ($60 km in diameter, $1150 m deep) located at 9°N, 150°E in the northern part of MARSIS profile 4092 provide evidence that the composition of the exposed bedrock is basaltic (i.e., see Figure 6 , region 23 in Rogers and Christensen's [2003] study). This composition is consistent with that inferred for the rest of Elysium Planitia. Thus, for the purpose of our simulations, each of our geoelectrical models (Table 1) is assumed to have a basaltic basement that is 450 m thick in order to prevent reflections from the bottom of the simulation environment.
[13] Recent results from GRS suggest that the Central Elysium Planitia consists of basalt overlain by a thin veneer of dust (a few centimeters to a few tens of centimeters [Diez et al., 2009] ). According to the Neutron Spectrometer data, this superficial dust layer is desiccated [Feldman et al., 2004] . While this thin dust or ash layer is considered in our models (Figure 3 ), its inferred 50 cm thickness is too small to be resolved by the cell size of our simulations and by the $60 m minimum wavelength of MARSIS. The dielectric contribution of this layer is minimal, so its omission does not influence the simulation results.
[14] Photogeologic estimates suggest that the initial total thickness of the plains-filling material in the CEP region was on the order of $50 m [Plescia, 2003; Keszthelyi et al., 2004; Murray et al., 2005] . Therefore, the top layer of our lava flow model (Model 1, Figure 3 ), is presumed to be basaltic with a thickness of 50 m. For the frozen mudflow model (Model 2, Figure 3 ), whose composition is assumed to be a 50%/50% mixture of ice and basaltic dust (consistent with the composition of the surrounding plains material), the sublimation of ice is assumed to have depleted 15 m of the original 50 m thickness of the top layer [Murray et al., 2005] .
[15] Finally, for the frozen sea model (Model 3, Figure 3 ), the composition of the upper layer is assumed to be water ice with a 1% content of suspended basaltic particulates. As with the frozen mudflow model, sublimation is assumed to have reduced the original 50 m thickness of the flow to 35 m.
[16] The dielectric properties of each model are summarized in Table 1 , where e 0 and e 00 are the real and imaginary parts of the dielectric constant and s is the electrical conductivity of the material. The error associated with the laboratory measurements of e 0 and e 00 are 3% and 8%, respectively [Heggy et al., 2007] , which, if factored into the propagation calculation, introduce an error in the output signal amplitude of 5%. The theoretical two-way loss rate for most geologic materials (where the real part of the magnetic permeability is equal to 1 and imaginary part is zero) is then given by 
where c is the free space velocity and f is the wave frequency.
[17] The values presented in Table 1 are taken from laboratory measurements of analog volcanic materials obtained from Craters of the Moon lava field (Idaho, USA), a well-recognized Mars analog environment [Farr et al., 2001; Heggy et al., 2003 Heggy et al., , 2006 Heggy et al., , 2007 . For the lava flow layer (in Model 1), the dielectric parameters are 8.05 and 0.37 . For the frozen mudflow layer (in Model 2) and the ice layer (in Model 3), the dielectric parameters are based on Heggy et al.'s [2007] work which Table 1 . [Heggy et al., 2003 [Heggy et al., , 2007 . Here e 0 r and e 00 r are the real and imaginary part of the relative dielectric constant. The errors on the measurements are 3% for e 00 r and 8% for e 00 r . Here s is the conductivity.
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BOISSON ET AL.: RADAR SOUNDING OF ATHABASCA VALLES investigates the influence of the ice enrichment in a basaltic matrix on the real and imaginary part of the permittivity. The real and imaginary part of the dielectric constant for the frozen mudflow layer are 3.65 and 0.12, respectively. For the ice layer in our frozen sea model (Model 3), we chose 3.10 and 0.006 as representative values of the real and imaginary parts of the dielectric constant.
Ambiguities Associated With Subsurface Reflection Identification
[18] The analysis of low-frequency radar sounding data is often limited by the combined effects of off-nadir and nearnadir clutters due to surface roughness and ionospheric interference. In this analysis, we examine the first 10 ms of the MARSIS backscattered echo in order to determine the signal loss rate (in dB/m) in the near subsurface (first $160 m). However, because both surface clutter and the ionosphere can influence this near-pulse peak analysis, their relative impact on the signal loss rate must be carefully considered in order to accurately determine the subsurface dielectric contribution. In the discussion that follows, we address the potential effects of surface clutter, the ionosphere, and signal pulse width on our Athabasca loss rate analysis and demonstrate that their influence is minimal.
Effect of Surface Topography
[19] Surface slopes and near-and off-nadir surface roughness can generate reflections (or clutter) that are visible in the associated radargrams as range-delayed signals that can be mistakenly interpreted as subsurface echoes. The degree to which a rough surface scatters an incident radar wave depends mainly on the signal wavelength. A surface is considered smooth if it satisfies the Rayleigh criterion [Campbell, 2002] 
where l is the signal wavelength in vacuum (60 m for the 5-MHz band MARSIS signal), f is the incident angle ($0°for MARSIS), and h RMS is the root mean squared (RMS) height (i.e., square root of the height variance) of the study area. h RMS is given by
where z ij is the elevation of each point in the twodimensional N Â N area andh is the mean elevation [Campbell, 2002] .
[20] To calculate the h RMS , we use the 128 pixels/°Mars Orbiter Laser Altimeter (MOLA) data (horizontal resolution of $450 m) with a vertical resolution of $37.5 cm [Smith and Zuber, 1998 ]. At much smaller spatial scale than MOLA, the roughness in this Athabasca area appears to be higher. According to the earth based radiotelescope, the area is rough at decimeter scale [Harmon et al., 1992] . But for the wavelength range of the MARSIS sounder, it is very reasonable to study the topography roughness with MOLA data [Campbell and Shepard, 2003] . Thus, we can reasonably assume that this decimeter roughness scale will have an unmeasurable effect on the 5 MHz MARSIS data. For the 5-MHz band MARSIS signal, the Rayleigh criterion is 7.5 m. In comparison, on the basis of the MOLA data, the h RMS for this region (between 4.5°N and 9°N, see enlargement in Figure 4 ), is 7.1 m. Thus, this area h RMS satisfies the Rayleigh criterion for smoothness, which means that the contribution of off-nadir reflections (clutter) to the observed backscattered echo is very weak.
[21] The second potential topographic effect on the backscattered echo is near-nadir scattering, which depends on both the surface roughness (as defined by the wavelengthscale RMS slope) and the radius of the scattering area [Campbell and Shepard, 2003] . The wavelength-scale RMS slope, s l , is defined as the RMS height difference between two points divided by the step-size distance, Dx (which is set equal to the wavelength, on the basis of an interpolation of the MOLA data) [Orosei et al., 2003] 
where n is the number of sample points.
[22] The wavelength-scale RMS slope of the studied profile is 0.0015°as calculated from the high-resolution MOLA data. Thus, this area can be considered totally smooth at a scale of $100 m. Near-nadir scattering depends also on the radius of the scattering area which is 13.4 km for MARSIS [Campbell and Shepard, 2003 ] and on the Hurst exponent, H, which relates the fractal nature of the topography with scale. A low Hurst exponent means that the surface is rough at small scales and becomes increasingly smoother as the scale of interest increases [Orosei et al., 2003] . H varies between 0.2 and 0.35 in the Athabasca area [Orosei et al., 2003] . According to Campbell and Shepard [2003] , for H = 0.25 and s l < 5°, the coherent component in the near-nadir radar scattering is predominant. Moreover, an illuminated smooth circular area with a radius )l (which is the case for Athabasca) presents a backscatter coefficient equal to the polarization-independent Fresnel normal reflectivity (r o ) [Campbell, 2002] 
where e r1 and e r2 are the complex dielectric constants of the upper medium (i.e., the Martian atmosphere, which has a value equal to 1) and the lower medium (assumed to be 7.7 which is the average real permittivity value of the weighted contribution of each layer of the three models). The real part of the backscatter coefficient of the Athabasca area is equal to 0.22. Thus, $78% of the MARSIS signal is transmitted into the subsurface, demonstrating that the effects of both near-nadir and off-nadir clutter are minimal in the Athabasca area at 5 MHz.
Ionospheric Distortion
[23] The second type of ambiguity is due to the presence of the ionosphere, which can introduce delays and/or distortion of the MARSIS backscattered signal when the instrument's operating frequency falls near or below the ionosphere's plasma frequency, which varies between 100 kHz to 3.5 MHz, depending on the sun elevation angle [Safaeinili et al., 2003; Picardi et al., 2004] . For the analysis performed here, we chose nighttime (solar angle >90°) data that were acquired at 5 MHz (well above the maximum plasma frequency), thus minimizing the potential for ionospheric interference. As an added precaution, these data were corrected for ionospheric distortion using the ''contrast optimization technique'' described by Biccari et al. [2001] , a technique which is known to provide good results for regions that possess low surface roughness at the wavelength scale relevant to MARSIS ($60 to 160 m).
MARSIS Pulse Width
[24] The third type of effect that can mask the backscattered echo from the subsurface is the MARSIS pulse width. The transmitted pulse width of MARSIS is 250 ms which is much too large to investigate the dielectrical properties of the near subsurface (depths less than several km). However, onboard synthetic aperture processing of the MARSIS data can yield a range compression sufficient to narrow the pulse width to 1 ms under optimal conditions [Picardi et al., 2004] . The amount of compression depends on the local surface roughness, with the narrowest pulse widths resulting from the smoothest surfaces. As discussed in section 4.1, at MARSIS wavelengths (60 -160 m), the roughness in the Athabasca area is negligible, resulting in a pulse width that approaches its minimum theoretical value which should be narrow enough to investigate the loss characteristics of the shallow subsurface. This remains true even if the surface roughness at smaller spatial scales is higher. On the basis of this analysis, we can reasonably assume that the MARSIS signal losses observed in Athabasca are attributable to the dielectric properties of the subsurface.
Backscattered Loss Comparison
[25] Here we examine the loss rate of the backscattered echoes in the range direction as observed in both the MARSIS data and in our FDTD simulations. For the latter, we converted time into depth on the basis of the real part of the dielectric constant for each of the hypothetical layers (Table 1) . For the MARSIS data, we converted the range delay time to depth by using the column-averaged real dielectric constants based on the weighted contributions of the hypothetical layers of each model ($7.7).
[26] For a homogeneous medium, the radar signal attenuation is dominated by dielectric losses, causing it to decline exponentially with depth (A z = A 0 .e À2az where A is the signal amplitude and a is the attenuation coefficient). Therefore, losses are directly proportional to depth . For a heterogeneous medium, such as a layered subsurface, the signal attenuation is a contribution of both dielectric and scattering losses. When the distance between heterogeneities is greater than the wavelength, the amplitude decrease is characterized by discrete reflections separated by noise . However, if the distance separating the reflectors is lower than the incident signal wavelength, the amplitude (and thus the loss function) shows a continuous decrease with depth Grimm et al., 2006] . The slope of this loss function and the loss rate depend on the resistivity of the medium. Resistive materials, such as those possessing a large volume fraction of ice, have lower loss rates, while conductive ones, such as lava flows, have higher loss rates. In the discussion that follows, we compare the observed and simulated loss functions, using their derived loss rate (in dB/m), to identify the type of attenuations experienced by MARSIS and the true nature of the subsurface.
MARSIS Data Analysis
[27] For this analysis, we examined three MARSIS profiles (corresponding to orbits 4070, 4081, and 4092), obtained at 4 and 5 MHz, with ground tracks in the vicinity normalized to the surface return (dimensionless) and the signal losses are expressed in dB. Also shown is the corresponding topographic profile based on the MOLA 128 pixels/°Mission Experiment Gridded Data Records (MEGDR) topography data (version b) [Smith et al., 2001 [Smith et al., , 2003 ].
[28] To improve the signal-to-noise ratio, we stacked the radar data between 4.5°and 9°N, summing and averaging over an interval of 5 traces. We also calculated the backscattered signal losses (in dB) as a function of depth, averaged over this same interval (Figure 5 ), but omitting the segment from 5.42°to 5.85°N, where there is evidence of a subsurface signal (Figure 4, see enlargement) . From this analysis, we find the ambient noise level to be $42 dB ( Figure 5 , red dashed line), which is in good agreement with the published dynamic range of MARSIS ($30 -50 dB [Picardi et al., 2005] ). Our main objective here is to study the loss rate (in dB/m) and the nature of the time-range dependency of the decay of backscattered signal amplitude from the shallow subsurface to provide insights regarding the nature and origin of the rafted plate terrain in Athabasca.
FDTD Backscattered Radar Simulation
[29] To simulate the propagation of the MARSIS signal in the shallow subsurface, we used the FDTD technique [Yee, 1966] to solve Maxwell's equations for electromagnetic propagation in discrete steps of time and space, making it possible to study radar wave propagation using parametrical geoelectrical models [Heggy et al., 2003] . The depth of the simulation space is 485 m or 500 m, depending on the model (Table 1 and Figure 3 ) and its width is 3 km Â 3 km, sufficient to reduce multiple scattering from the assumed geometry's sharp edges. In order to maintain the stability of the FDTD simulation, the cell size must be 1/10 of the wavelength or less [Kunz and Luebbers, 1993] . According to this criterion, the simulation space was divided into individual cells of 5 Â 5 Â 5 m. The emitted signal was then modeled as a modulated Gaussian plane wave with a central frequency of 5 MHz. We used this approach to simulate propagation through each of the geoelectrical models.
[30] From the results of our simulations, we obtained the magnitude of the backscattered electric field as a function of propagation time (with an error of 5%), and to maintain consistency with the processing of the MARSIS data, we calculated the signal losses in dB as a function of depth ( Figure 6 ). The plots of the Figure 6 do not look the same as Figure 5 . This is explained by the rapid variation in the simulated signal which is due to the modulation in the signal and to the range resolution of the FDTD simulation (which is higher than the MARSIS one and fixed by the simulation stability criterion).
Results
[31] Here, we compare the results of our MARSIS data analysis and FDTD simulations to assess the effect of subsurface ice content on the decay of the backscattered radar signal to constrain the likely nature and origin of the Athabasca subsurface.
MARSIS Data
[32] Between 5.42°N and 5.85°N, the radargram exhibits a secondary subsurface echo at 3 microseconds after the surface reflection (Figure 4, enlargement) . Three phenomena could explain the origin of this signal. The first is ionospheric interference, which may produce such an artifact by delaying the signal return. However, as noted earlier, these data were acquired at 5 MHz, well above the nighttime ionospheric plasma frequency, and they were processed to remove the effects of any ionospheric distortion. The second possible explanation for this delayed signal is surface clutter, i.e., an off-nadir reflection originating from the local topography. As discussed in section 4.1, the topographic relief at the MARSIS wavelength in this area is negligible. The third possibility is a reflection from an actual dielectric interface at a depth of $150 -155 m beneath the surface, depending on the dielectric constants of each model. Table 1 for material properties. The error on the normalized signal amplitude is 10%.
E08003
BOISSON ET AL.: RADAR SOUNDING OF ATHABASCA VALLES
[33] For this last case, our loss analysis gives different attenuation solutions for the surface and subsurface reflections. For the surface reflection, the loss rate is 0.17 dB/m (calculated for the slope of the thin line between 0.75 to 2.25 microseconds, thin line in Figure 5 ), while the loss rate associated with the second (subsurface) reflection ( Figure 5 , slope of the thin line between 3 and 3.5 microseconds) is 0.33 dB/m. These results suggest the presence of two different geologic materials, where the upper ''fill'' material is less conductive than the basement. Moreover, the losses associated with adjacent terrain (0.27 dB/m, from 4.91°to 5.25°N, dotted line in Figure 5 ) are similar to those of the subsurface reflection (which is indicative of the composition of the underlying basement between 5.42°N and 5.85°N), implying that they are composed of a similar material. If so, then the most likely explanation for the presence of both surface and subsurface reflection in this region is that it is the result of a depression (centered at 5.6°N) which is filled with a less conductive material.
[34] Calculating the loss rates of the mean backscattered radar echo between 4.5°and 9°N ( Figure 5 , thick line) yields an average value of 0.18 dB/m for the first 160 m of the subsurface, indicative of a relatively conductive material. Note also that the decline of the loss function is continuous over this depth interval (enlargement, Figure 5 ), suggesting either a homogeneous subsurface or a heterogeneous subsurface where the distance separating reflectors is lower than the MARSIS wavelength ($20-25 m in the subsurface), possibly consisting of a layered subsurface (see section 5).
FDTD Simulations
[35] A comparison of the simulated backscattered radar echoes from the three models (one composed of lava flow, the second a basaltic frozen mudflow, 50%/50% ice and basalt, and the third nearly pure ice, simulating a frozen sea) allows us to investigate the influence of subsurface ice content on the propagation of the MARSIS radar signal at 5 MHz. The resulting loss curves (Figures 6a -6c) indicate that, in the first 160 m, the average loss rate for the frozen sea model (Model 3) is smaller than that for the frozen mudflow model (Model 2) and much smaller than that for lava flow model (Model 1).
[36] The average loss rate associated with the lava flow model (Model 1) is 0.19 dB/m (Figures 6a and 6d) . In contrast, the average loss rate for the frozen mudflow (Model 2) is 0.065 dB/m (Figures 6b and 6e ) and 0.053 dB/m for the frozen sea model (Model 3, Figures 6c and 6f) . This low loss is due to the high resistivity of pure ice. The difference in the calculated attenuation between the three geoelectrical models clearly reflects their differing compositions and demonstrates how a higher ice-to-basalt ratio can considerably reduce signal losses.
[37] The losses generated by the frozen sea model increase in a discontinuous way because of the strong dielectric contrasts at the interface between the ice layer and basaltic basement, a contrast that results in multiple reflections within the ice layer. This discontinuous increase is also seen in the frozen mudflow model which also presents a large dielectric contrast. In comparison, the losses associated with the lava flow model increase in a continuous way due to the small dielectric contrast between the lava flow and underlying basaltic basement. Finally, the low losses exhibited by the frozen mudflow model are consistent with the losses expected from a basalt-rich unit possess with a large volume fraction of resistive ice.
Discussion
[38] The results of our radar echo simulations suggest that compositional differences in the shallow subsurface can produce measurable differences in signal losses in the MARSIS backscattered echoes, even over depth intervals shorter than the radar signal wavelength. In particular, our simulations suggest that the presence of an ice-rich layer (Models 2 and 3) in the shallow subsurface should significantly reduce the observed loss rate. Even if we reduce the content of ice in the upper layer of the frozen mudflow model (Model 2) down to a minor amount (e.g., 5% in mass), the signal loss rate would remain low compared to the one observed in the lava flow model (Model 1). Heggy et al.'s [2007] laboratory measurements suggest that the real and imaginary parts of the dielectric constant for a 5% icerich basalt layer are, respectively, 5.2 and 0.26, which are lower than those of the lava flow layer (8.05 and 0.370, respectively).
[39] According to the shape of the MARSIS loss function (see section 6.1), the structure of CEP's shallow (<160 m) subsurface could be either homogeneous or heterogeneous with a distance separating the reflectors lower than the 5 MHz MARSIS wavelength ($20-25 m in the subsurface), thus the limited range sampling in the MARSIS traces prohibits a conclusive assessment. The SHARAD data should help us to constrain the ambiguity on the heterogeneity degree of CEP subsurface.
[40] The observed loss rate of 0.18 dB/m for the MARSIS signal over CEP averaged $3 times greater than that produced by the two ice-rich subsurface models (frozen sea and frozen mudflow models) in our simulations but very similar to the losses associated with our lava flow model. As discussed above, even reducing to 5% the amount of ice in the frozen mudflow model cannot explain the high signal attenuation rate observed in the MARSIS signal in the CEP area. Moreover, radar signal attenuation study in Deuteronilus Mensae (40°-51°N, 14°-35°E), a region suggested to be composed of an ice-rich subsurface [Head et al., 2006] , shows that the average loss rate in this area is 0.013 dB/m [Plaut et al., 2009] . This latest is much lower than that observed in the CEP region (this study). The comparison between those two studies as well as the results of our FDTD simulations demonstrate that the broken, rafted plate terrain in the vicinity of Athabasca is most consistent with a volcanic origin such as fluid lava flows.
[41] Assuming that the subsurface is composed of a volcanic material (with two way loss rate of 0.18 dB/m), we can estimate the maximum sounding depth before the MARSIS signal falls below the ambient noise. Dividing the effective dynamic range of MARSIS ($40 dB) by the mean loss rate of the subsurface (0.18 dB/m), we find that MARSIS can achieve a maximum penetration depth of $220 m in a volcanic environment.
[42] We are continuing our analysis of additional MAR-SIS and SHARAD sounding data, supplemented by compositional spectral data from the TES (MGS) and THEMIS (Mars Odyssey) spectrometers, to further test and constrain the origin of the rafted plate terrain. This study is part of a larger one to test the validity of our loss analysis approach as it applies to the investigation of the potential occurrence and distribution of ground ice and groundwater in the Martian equatorial subsurface.
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